Background
Shunt surgery is a common treatment for hydrocephalus in infancy. Shunt surgery provides immediate relief of intracranial pressure (ICP) and its symptoms in affected children. However, shunting distorts normal cerebrospinal fluid (CSF) dynamics to such an extent that many problems may develop after the procedure [1] . Overdrainage of CSF can affect the physical characteristics and growth of the brain parenchyma, ventricles, and skull [2] . A decrease in ventricular size and brain compliance occasionally leads to slit ventricle syndrome, a serious complication of long-standing shunts [3, 4] . In slit ventricle syndrome, small ventricles and a stiff brain make the shunt malfunction and cause significant headache and other symptoms of increased ICP. Derangement of skull growth results in secondary craniosynostosis and small head circumference (HC). It is known that secondary craniosynostosis develops in 1-5% of patients with shunts [5, 6] . Most patients with secondary craniosynostosis are asymptomatic, but the condition is occasionally combined with slit ventricle syndrome [2] . In this situation, the 2 conditions can elicit a significant and synergistic increase in ICP and its symptoms, requiring urgent surgical intervention [2] .
However, these changes in the brain and skull usually develop from long-standing shunts, usually years after shunt surgery [7] . Early-onset slit ventricle syndrome and secondary craniosynostosis are extremely rare in infants who underwent shunt surgery only months earlier. The symptoms and signs of slit ventricle syndrome and secondary craniosynostosis overlap with those of shunt obstruction, which is far more common. Therefore, differential diagnosis of these conditions in infants and young children may require clinical acumen.
We encountered an infant who developed recurring shunt malfunctions from age 11 months, only 7 months after initial shunt surgery. She eventually had a catastrophic increase in ICP, and emergent cranial vault expansion surgery and shunt revision saved her life. This report demonstrates the importance of clinical suspicion and long-term HC monitoring in the diagnosis of rare complications of shunt surgery in an unusual time period.
Case Report
A 4-month-old girl visited the emergency room (ER) due to irritability and projectile vomiting. Her HC was 41.5 cm (50 th -75 th percentile), and bulging of the anterior fontanel was observed. Brain computerized tomography (CT) and magnetic resonance imaging (MRI) showed a Dandy-Walker malformation with hydrocephalus ( Figure 1A and 1B). A ventriculoperitoneal shunt was installed in the right lateral ventricle. One month after shunt surgery (age 5 months), the patient was stable, and a decompressed ventricle was observed on brain ultrasonography. Her HC was 41 cm (25 th -50 th percentile). Five months after shunt surgery (age 9 months), the patient developed well, without specific problems, but her HC was 41.6 cm, stagnating at the 3 th -5 th percentile for her age group. A follow-up CT scan showed small lateral ventricles ( Figure 1C ) and decreased size for the 4 th ventricular cyst.
Seven months after shunt surgery (age 11 months), the patient visited the ER due to vomiting that lasted for 2 days. Her HC measured 42.5 cm (5 th -10 th percentile), and bulging of the anterior fontanel was noted. A CT scan showed slight dilatation of both lateral ventricles and the 4th ventricle cyst ( Figure 1D ). Shunt reservoir tapping yielded no aspiration of CSF. Proximal shunt obstruction was diagnosed, and the shunt was revised immediately. The patient's symptoms disappeared after shunt revision, and she was discharged.
Two months later (age 13 months), the patient visited the ER again for sudden recurrent vomiting. The anterior fontanel was narrow on palpation, but filling of the shunt reservoir was intact. MRI revealed a slit-like right lateral ventricle and a small left lateral ventricle ( Figure 1E ). The patient stopped vomiting after symptomatic management and was discharged without further evaluation.
One month later (age 14 months), the patient revisited the ER for vomiting and poor oral intake. She was lethargic at presentation. Cranial nerve exams were initially normal, and there was no lateralizing sign. Her limb muscle tone was decreased but symmetric. Her HC was 43.0 cm (below the 3 rd percentile), and the anterior fontanel was nearly closed. Shunt reservoir filling was poor, and no CSF was drained from the shunt tap. The initial serum sodium and potassium levels were 136 mEq/L (normal range: 135-145 mEq/L) and 4.1 mEq/L (normal range: 3.5-5.0 mEq/L), respectively. Brain CT and MRI showed a slightly expanded left lateral ventricle. The right lateral ventricle was still small ( Figure 1F and 1G). Nearly every sulcus of the cerebral hemispheres was obliterated, and perimesencephalic cisterns were invisible, which indicated impending bilateral uncal herniation ( Figure 1H ). During the work-up, the patient developed generalized tonic-clonic seizures. Her serum sodium level was 116 mEq/L, and her potassium level was 3.7 mEq/L, as determined after the seizure attacks. Both the hyponatremia and the seizures were considered as acute manifestations of profound encephalopathy and increased ICP.
A proximal shunt obstruction was again suspected because of the slightly expanded left lateral ventricle and the dry shunt tap. However, the right lateral ventricle was completely obliterated where the majority of proximal catheter holes were located. The slit ventricle mechanism might have been working,
disabling the shunt system. Reviewing the radiological images, we found that the patient's sagittal suture was invisible on the CT scan. 3D-CT images confirmed the closure of a sagittal suture. We re-evaluated all previous CT scans, and the closure of the sagittal suture began at 7 months after initial shunt surgery (at the time of the previous shunt revision) ( Figure 2 ). Slit ventricle syndrome combined with secondary craniosynostosis was diagnosed. It was not clear whether the shunt malfunction was temporary or permanent. Emergent cranial expansion surgery and shunt revision were performed to relieve the ICP and to restore shunt function. The closed sagittal suture was opened wide, and several barrel-stave osteotomies were made coronally. The shunt proximal catheter and valve were replaced simultaneously ( Figure 3 ).
Immediately after the operation, the patient's HC increased from 43.0 cm to 45.0 cm. At postoperative day (POD) 2, her HC increased to 47.5 cm. She was still lethargic, with little spontaneous activity. A CT scan showed effacement of all cerebral sulci and ventricles. Mannitol was infused every 4 hours to reduce brain swelling. At POD 3, the patient's HC decreased to 46.5 cm, and she became alert, with spontaneous activity. Her HC decreased gradually thereafter, and she was discharged at POD 8. One month later, she was healthy, without neurological sequelae, and her HC was 43.7 cm (5 th -10 th percentile), slightly greater than the preoperative level. Nine months after cranial expansion surgery (age 23 months), she could walk without assistance, climb up stairs, and play with puzzles, and her HC was 45.2 cm (3 th -5 th percentile) (Figure 4 ).
Discussion
Shunt obstruction (failure) is the usual presumptive diagnosis when a child with a shunt develops symptoms of increased ICP.
Imaging studies and shunt tapping may be the next step for the diagnosis of shunt obstruction. However, the background etiology of recurrent shunt failures is frequently unnoticed in clinical practice; slit ventricle syndrome is an example of this. Symptoms of shunt obstruction, slit-like ventricles in imaging studies, and slow filling of the shunt reservoir are the classical triad of slit ventricle syndrome [4] . Nonetheless, the intermittent nature of symptoms, subtle changes in ventricle size, and inexperience of physicians often lead to the misdiagnosis of simple shunt obstruction. Weinzweig et al. [2] reported that an average of 4.9 shunt revisions are performed in children with slit ventricle syndrome and secondary craniosynostosis until they receive cranial vault expansion.
Secondary craniosynostosis is the premature fusion of cranial sutures and is often found after shunt surgery. This phenomenon is uncommon and usually asymptomatic. Therefore, clinicians frequently pay little attention to the cranial vault of shunted children, omitting to confirm suture lines when reviewing routine follow-up imaging. This pitfall makes inexperienced clinicians fail to recognize secondary craniosynostosis in shunted children. Although uncommon and usually asymptomatic, this condition can be combined with slit ventricle syndrome and cause a significant increase in ICP. Shunt revision may alleviate the symptoms temporarily, but cranial vault expansion is required to address the complex situation [2, 8] .
In the present case, certain notable features should be mentioned. First, craniosynostosis (with a slit ventricle mechanism) began only 7 months and became overtly symptomatic 9 months after initial shunt placement. Such an early onset of suture fusion by shunt surgery is unexpected, and this possibility was unheeded. Pudenz and Foltz suggested an interval A C D B of 2-3 years for the development of premature suture fusion after initial shunt surgery [7] . Weinzweig et al. [2] reported an average interval of 26 months for the development of craniosynostosis. However, several authors reported that secondary craniosynostosis was detected in infants several months after shunt surgery, indicating that suture fusion after shunt surgery may begin earlier in certain patients [9, 10] . Slit ventricle syndrome is also a complication of a long-standing shunt, as the pathophysiology may include complex changes in the physical properties of the brain and skull [11, 12] . In a review by Pudenz and Folz [7] , an interval of 4-10 years was indicated.
Second, the presentation of this condition was catastrophic, with an abrupt elevation of ICP and neurological collapse. The cardinal symptom of slit ventricle syndrome is chronic headache. It is possible that patients with slit ventricle syndrome and headache show very high ICP upon pressure monitoring. Nonetheless, the chronic nature of the condition may prevent acute collapse of the patients, even those with high ICP. In our patient, slit ventricle syndrome developed in infancy, when the brain is still growing rapidly. This unusually early manifestation and the combined secondary craniosynostosis may have contributed to the dramatic manifestation.
Third, it is instructive that the patient visited the ER twice before the catastrophe. During the first ER visit, she was diagnosed with shunt obstruction. The diagnosis of shunt obstruction was most likely correct. However, the ventricular dilatation was not sufficiently severe at that time to indicate proximal shunt obstruction. We also failed to recognize the underlying problems of the patient, focusing only on simple shunt obstruction. Reviewing all CT images retrospectively, we found that the sagittal suture closure had already begun at the time of initial shunt revision. The patient even visited the ER again after shunt revision with the same symptoms and experienced spontaneous symptom resolution, a typical course of slit ventricle syndrome. Therefore, cranial volume restriction combined with slit ventricle syndrome may be the real diagnosis causing recurrent ER visits.
Fourth, this case demonstrates the utmost importance of serial HC measurement in pediatric neurosurgical practices. The patient's HC decreased far more than expected after shunt surgery and remained extremely small. Looking carefully at the HC curve may lead to questions about and appropriate evaluation of secondary craniosynostosis.
Lastly, the dramatic change in HC after cranial expansion surgery reflected the physical elastance of the brain. In the immediate postoperative days, the patient's HC increased by approximately 2 cm per day and gradually stabilized after POD 3. The changes in her consciousness and neurological status correlated well with the variation of HC. This patient exhibited multiple pathological mechanisms, including cranial volume restriction, slit ventricle syndrome, and shunt malfunction. The cranial expansion procedure may be effective for treating slit ventricle syndrome and secondary craniosynostosis. For proper treatment, both cranial expansion and shunt revision are required to cover all of these pathological mechanisms.
Suturectomy evolved as the main treatment method for secondary craniosynostosis since the 1980s [13] . Recently, several modern techniques, such as spring-assisted remodeling and distraction devices, have been applied in secondary craniosynostosis to achieve better outcomes [9, 14] . However, suturectomy is a very useful and versatile method in emergent situations in which a rapid reduction in ICP is warranted. In our patient, suturectomy and barrel-stave osteotomy induced an immediate increase in HC and the relief of neurological symptoms. Therefore, surgical methods for cranial expansion should be determined according to the patient's clinical manifestation.
To prevent this complication, CSF overdrainage should be avoided as much as possible. The setting of a programmable shunt should be set to high to prevent slit-like ventricles and premature suture fusion. The importance of HC monitoring needs to be emphasized. Manual examination and a skull X-ray are required to assess the status of suture lines during follow-ups.
Conclusions
The early appearance of secondary craniosynostosis with a slit ventricle mechanism and catastrophic manifestations was remarkable, and the physical elastance of the brain was well documented in the clinical course of this patient. This report demonstrates the importance of clinical suspicion and longterm HC monitoring in the diagnosis of slit ventricle syndrome and secondary craniosynostosis after shunt surgery, even in infants and young children. Figure 4 . The transition of the patient's HC on a standard Korean girl's head circumference chart (marked with red dots) [15] . Dramatic changes in HC around the cranial expansion surgery are described in the table. The patient's HC declined after shunt surgery and remained small thereafter.
